Treated wastewater (TWW) infiltration into non-potable aquifers has been used for decades in Western Australia for disposal and reuse. These wastewater treatment plants (WWTPs) are mostly pond systems, infiltrating secondary TWW with some activated sludge. There is no disinfection of TWW pre-infiltration. This study gave an opportunity to study the fate of Escherichia coli (E. coli) in aquifers, using compliance monitoring data (2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) and is relevant if water reuse is to be implemented at these sites in the future. Microbiological water quality data (E. coli) were evaluated using an advanced statistical method able to incorporate the highly censored data at full scale operational infiltration sites. Subsurface E. coli removal from TWW was observed at all 17 infiltration sites investigated. Most sites (14) had less than six detections of E. coli in groundwater (58-100% non-detects; 7-117 samples/bore), thus the statistical method could not be applied. The observations could be used to infer between 1 to >3 log 10 removal for E. coli. The remaining three sites had sufficient detections for probabilistic modelling analysis, the median removal efficiency for E. coli was quantified as 96% to greater than 99%, confirming at least 1 log 10 removal with potential for several log 10 removal. Reductions could not be explained through dilution with the native groundwater alone as there was a high proportion of TWW in observation bores. The observed reductions are likely the result of bacteria retention and inactivation in the aquifer. The magnitude of microbiological water quality improvement highlights the sustainable and reliable use of the aquifer to improve water quality to levels appropriate for low-and medium-risk non-potable uses without using engineered disinfection methods.
Introduction
Infiltration ponds have been in use for decades in Western Australia for treated wastewater (TWW) disposal. This study was undertaken to determine whether current waste disposal operations can transition to Managed Aquifer Recharge (MAR) through evidence that the quality of water recovered is fit for its intended uses and the contaminant attenuation processes are sustainable. This paper focuses only on E. coli data collected as part of compliance monitoring with most sites having ten or more years data on groundwater quality, suggesting that impacted groundwater can be assessed for its ability to meet water quality requirements. The wastewater treatment plant associated with the infiltration ponds is usually a multi-pond treatment system producing secondary treated wastewater, though crops grown. The environmental receptor in closest proximity to the site is the Indian Ocean. Groundwater flows to the coast in a WSW direction [17] .
Augusta WWTP is licenced and consists of clay-lined primary, secondary and tertiary ponds [10] and a series of five small, ill-defined infiltration basins (Figure 4 ), located on ferruginous duricrust (laterite) potentially overlain by residual bleached quartz sand [18, 19] . The environmental receptor in closest proximity to the site is the small stream, Redman Brook (SW, Figure 4 ). The headwaters of Redman Brook are 450 m from the infiltration basins, though there is likely to be connection in winter to the Dampland to the west of the site. Groundwater flows are likely to follow topography in a SW direction. Only three sites-Geraldton North, Geraldton No. 2 and Augusta-had sufficient uncensored data to proceed with the probabilistic approach described below ( Table 2 ). The remainder of the sites had insufficient groundwater samples above the detection limit for E. coli (<10 n/100 mL) to perform the statistical analysis. Augusta Sandy clays and lateritic gravels/fractured and karstic calcarenite Bore 4 (90), Bore 6 (160) na 2 Figure 4 1 Selected based on groundwater gradients and water quality data; 2 na = no suitable background bore.
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Sampling and Analysis
Water quality was determined from grab samples collected at each infiltration site and recovered water from nearby monitoring bores-as required by the environmental licence conditions for each of the sites by Water Corporation system operators. Typical water quality parameters common to both TWW and groundwater include pH, electrical conductivity (EC), total dissolved solids, E. coli, total nitrogen, ammonium-N, nitrate-N and total phosphorus. Licence conditions for all sites stipulate the sampling frequency for TWW and groundwater quality as being typically either quarterly, six monthly or annually. However, higher frequency data was available for TWW. This study focuses on E. coli and the data used in this study were collected between 2006 and 2016, though this varied slightly between sites and between TWW and groundwater samples. According to the site licence conditions, Geraldton North TWW and groundwater were sampled quarterly (2008-2015), Geraldton No. 2 TWW quarterly and groundwater 6 monthly (2008-2015), and Augusta TWW and groundwater quarterly (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . However, additional ad hoc samples (e.g., monthly TWW data supplied for Augusta) were also included in the analysis (see Table 3 for sample numbers). Where background groundwater data was available the dilution of TWW in native groundwater was assessed using EC values.
Water samples were maintained below 4 °C and delivered to the laboratory within 24 h according to procedures and storage times recommended in the Standard Methods for the Examination of Water and Wastewater [20] . The presence of E. coli was determined using the most probable number procedure [21] . Electrical conductivity was monitored in the observation bores to provide an indication of the degree of mixing between the TWW and the native groundwater. EC was determine using the standard electrode method (platinum electrode) as per Standard Methods (2510 B) [20] . The Geraldton North and Geraldton No. 2 WWTPs are both licenced and are located on calcareous sand overlying Tamala Limestone. The Geraldton North WWTP consists of two trains of primary and secondary ponds, followed by four infiltration basins ( Figure 2 ). The second (western) train of treatment ponds and associated infiltration ponds were commissioned in 2008 [17] . The environmental receptor in close proximity to the site is the Indian Ocean (W). Groundwater flows to the coast in a WSW direction. The Geraldton No. 2 WWTP consists of primary and secondary ponds followed by infiltration basins (Figure 3 ). Due to issues with clogging of the infiltration ponds, a high-rate irrigation disposal area was established in 2000 in the north of the site. The TWW was irrigated using overhead sprinklers on bare soil (see hatched area in Figure 3 ) and vegetation was managed-with no trees or crops grown. The environmental receptor in closest proximity to the site is the Indian Ocean. Groundwater flows to the coast in a WSW direction [17] .
Augusta WWTP is licenced and consists of clay-lined primary, secondary and tertiary ponds [10] and a series of five small, ill-defined infiltration basins (Figure 4 ), located on ferruginous duricrust (laterite) potentially overlain by residual bleached quartz sand [18, 19] . The environmental receptor in closest proximity to the site is the small stream, Redman Brook (SW, Figure 4 ). The headwaters of Redman Brook are 450 m from the infiltration basins, though there is likely to be connection in winter to the Dampland to the west of the site. Groundwater flows are likely to follow topography in a SW direction.
Water quality was determined from grab samples collected at each infiltration site and recovered water from nearby monitoring bores-as required by the environmental licence conditions for each of the sites by Water Corporation system operators. Typical water quality parameters common to both TWW and groundwater include pH, electrical conductivity (EC), total dissolved solids, E. coli, total nitrogen, ammonium-N, nitrate-N and total phosphorus. Licence conditions for all sites stipulate the sampling frequency for TWW and groundwater quality as being typically either quarterly, six monthly or annually. However, higher frequency data was available for TWW. This study focuses on E. coli and the data used in this study were collected between 2006 and 2016, though this varied slightly between sites and between TWW and groundwater samples. According to the site licence conditions, Geraldton North TWW and groundwater were sampled quarterly (2008-2015), Geraldton No. 2 TWW quarterly and groundwater 6 monthly (2008-2015), and Augusta TWW and groundwater quarterly (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . However, additional ad hoc samples (e.g., monthly TWW data supplied for Augusta) were also included in the analysis (see Table 3 for sample numbers). Where background groundwater data was available the dilution of TWW in native groundwater was assessed using EC values. Water samples were maintained below 4 • C and delivered to the laboratory within 24 h according to procedures and storage times recommended in the Standard Methods for the Examination of Water and Wastewater [20] . The presence of E. coli was determined using the most probable number procedure [21] . Electrical conductivity was monitored in the observation bores to provide an indication of the degree of mixing between the TWW and the native groundwater. EC was determine using the standard electrode method (platinum electrode) as per Standard Methods (2510 B) [20] .
Probabilistic Approach to Characterise Infiltration Pond Removal of E. coli
Assessment of infiltration pond treatment performance can be challenging, as E. coli concentrations are variable over time, and each infiltration system also varies as a function of several factors including hydraulic residence time, injectant water quality and temperature. Therefore, E. coli concentrations are represented as stochastic variables and described by probability density functions (PDFs). This approach has been previously used to determine the treatment performance in advanced water treatment plants (e.g., [22] ) and was used to determine an input 'infiltrated' PDF and an output 'monitored' PDF. These infiltrated and monitored PDFs can then be used to derive theoretical infiltration treatment efficiency PDFs for each specific infiltration scheme.
Microbiological water quality data is commonly well-described by lognormal distributions [23] . Accordingly, the variability of E. coli numbers has been characterised by fitting observed data to lognormal PDFs. Removal efficiency (RE) can be obtained by the following:
where RE (x) is the calculated value of the removal efficiency PDF at percentile x, and the INF (x) and MON (x) are values of the PDFs for the hazard at percentile, x, for the infiltrated TWW and monitored groundwater, respectively. An advantage of this method is that such plots can be prepared even with the censored data included, where some of the data is below the detectable limit of quantification since the PDF can be plotted from the detectable results accounting for the percentage of non-detectable results of analyses. In all cases in the current study, the data was highly left censored and so not amenable to conventional summary statistical analysis.
Assessment of Other Sites with High Number of Censored Data
Due to the high number of censored data (79-100% of data less than the limit of detection, LOD) the remaining 15 sites could not be analysed using the probabilistic approach outlined above. For these 15 sites, summary statistics of E. coli numbers in the TWW were calculated using SigmaPlot 14.0© [24] . The median E. coli number was assumed as indicative of the typical TWW concentration. Utilising the entire TWW-impacted groundwater data set (censored and uncensored data) the median (50th percentile) falls within the censored data, i.e., <LOD despite not being able to use the approach in Section 2.3 to estimate the median value. As such, for the purposes of providing an estimate of E. coli removals for these sites, the median E. coli number in TWW-impacted groundwater was assumed to be zero. Indicative log 10 E. coli removals were calculated by the following:
where E. coli TWW is the median in TWW, and E. coli GW is the median in groundwater (assumed to be zero). Figure 5 illustrates the variability in E. coli numbers in the TWW in relation to the minimum and maximum detection limits of 10 n/100 mL and 24,000 n/100 mL. Notably, each of the three sites with sufficient uncensored groundwater data to proceed with the probabilistic approach represent the minimum (110 n/100 mL), median (18,000 n/100 mL) and maximum (>24,000 n/100 mL) of median E. coli numbers in TWW across all sites.
Results

Overview of E. coli Numbers TWW and Groundwater
Median E. coli numbers in TWW for the remaining wastewater infiltration schemes varied between 160 n/100 mL (Bremer Bay) and >24,000 n/100 mL (Esperance). Across all of these sites, there was a maximum of six detections (>10 n/100 mL) of E. coli in groundwater observation bores, with censored values representing 79% to 100% of the total E. coli measurements (n = 7 to 117) across the sites (see Table S1 ). Where E. coli was detected in the groundwater, the detections were likely from a combination of observation bore contamination due to improper sealing, sampling errors or laboratory errors. However, due to the large number of sites investigated, and the limited information on land use and site histories, it is not possible to be definitive as to the source of E. coli detections in groundwater. Thus, for the majority of sites, there was insufficient data to proceed with the probabilistic approach. For these schemes, the observation bores were between 14 m (Kwinana) and 145 m (Onslow) from the infiltration basins (Table 1) . The low E. coli values suggest an aquifer treatment capacity of between 1 and 3 log 10 for E. coli for the sites is not able to be assessed using the probabilistic approach. Median E. coli numbers in TWW for the remaining wastewater infiltration schemes varied between 160 n/100 mL (Bremer Bay) and >24,000 n/100 mL (Esperance). Across all of these sites, there was a maximum of six detections (>10 n/100 mL) of E. coli in groundwater observation bores, with censored values representing 79% to 100% of the total E. coli measurements (n = 7 to 117) across the sites (see Table S1 ). Where E. coli was detected in the groundwater, the detections were likely from a combination of observation bore contamination due to improper sealing, sampling errors or laboratory errors. However, due to the large number of sites investigated, and the limited information on land use and site histories, it is not possible to be definitive as to the source of E. coli detections in groundwater. Thus, for the majority of sites, there was insufficient data to proceed with the probabilistic approach. For these schemes, the observation bores were between 14 m (Kwinana) and 145 m (Onslow) from the infiltration basins (Table 1) . The low E. coli values suggest an aquifer treatment capacity of between 1 and 3 log10 for E. coli for the sites is not able to be assessed using the probabilistic approach.
E. coli and EC at Three Infiltration Sites Analysed with Probabilistic Approach
The results of monitoring E. coli and electrical conductivity (EC) measurements for TWW and groundwater at Geraldton North, Geraldton No. 2 and Augusta are given in Table 3 . The summary statistics presented in Table 1 are typically from the same lognormal fitted curves, used to subsequently determine the removal efficiency for each parameter. The exceptions are the E. coli numbers in groundwater bore 6/94, 4/94 (Geraldton No. 2) and bore 6 (Augusta), where data could not be fitted due to there being too few detections; here, summary statistics of measured data are reported.
In fitting the data, a number of potential distributions were evaluated which included normal and lognormal distributions. The data did not allow good discrimination between the potential Figure 5 . Summary of E. coli numbers in treated wastewater (TWW). Boxes represent 25th to 75th percentiles with line shown at 50th percentile, the whiskers represent the 10th and 90th percentile values and black circles show the 5th and 95th percentile values. The number of samples are shown along with the treatment plant name. LOD is the limit of detection and LOQ is the limit of quantification.
In fitting the data, a number of potential distributions were evaluated which included normal and lognormal distributions. The data did not allow good discrimination between the potential distributions, and so lognormal was eventually selected based on the best fits and previous results [25] .
The calculated median E. coli numbers in observation bores varied between 1 and 8 n/100 mL, all below the analytical limit of detection (10 n/100 mL). The median groundwater E. coli was similar at these three sites, despite four orders of magnitude variation in the median TWW numbers.
EC as an Indicator of Mixing at Infiltration Sites
Lognormal probability plots for the TWW and observation and background bores for EC for each of the infiltration sites are presented in Figure 6 . Electrical conductivity (EC) is commonly monitored in the observation bores, and provides an indication of the degree of mixing between the TWW and the native groundwater. For the Geraldton WWTPs, the TWW is fresher than the native groundwater, so any observed increase in salinity will indicate potential dilution of TWW-impacted groundwater with native groundwater. For Geraldton North, TWW represents 51% of groundwater at 2/97, while for Geraldton No.2, TWW represents 87% and 85% of groundwater at 6/94 and 10/94, respectively. This indicates that a higher proportion of TWW is represented in these bores and that dilution does not play a large role in decreasing E. coli at these sites. No suitable background bore was located for the Augusta site, therefore the proportion of mixing with ambient groundwater could not be assessed. Notably, the background bore salinity in proximity of the Geraldton WWTPs is variable, indicating the vulnerability of groundwater in the unconfined aquifers to various influences on water quality. For the remaining 14 sites, the calculation of mixing fractions was not possible at 8 sites due to the lack of background monitoring locations, either without a bore or the infiltration basins being situated on a groundwater divide. Of the remaining sites, TWW represented 4% to 100% of groundwater in the observation bores. However, the locations of both background and observation bores were generally not situated on ideal flow paths, thus the variability may be higher than expected for ideal bore placement. Between and within site variation in TWW disposal rates also impacts the assessment of the mixing fraction. These issues are inherent in the compliance monitoring data set used and are too varied to discuss in detail herein.
E. coli Removal Across Three Infiltration Sites
Lognormal probability plots for the TWW and observation and background bores for E. coli for the infiltration schemes are presented in Figure 7 . For E. coli, which was the most measured microbial indicator, median treated wastewater concentrations ranged from 110 n/100 mL to >24,000 n/100 mL. Figure 3 shows that there was a substantial removal of E. coli over the long-term operation at each of the infiltration schemes. Both Geraldton sites show some evidence of faecal indicator contamination in the assigned background bores that may warrant further investigation; highlighting the vulnerability of shallow groundwater to various contamination sources. 
Removal Efficiency of E. coli during TWW Infiltration
The lognormal fitted E. coli and EC data values shown in Table 4 were then used to calculate the percentage removal of E. coli during infiltration according to Equation (1). This removal may represent inactivation, filtration and attachment processes, as well any reduction in E. coli numbers due to dilution (as indicated by EC). The results of the Monte Carlo calculations for removal efficiency are shown in Table 4 . For E. coli the median removal efficiency was 96% at Augusta Bore 4 and >99% at Geraldton North and Geraldton No. 2 bore 10/94. Similar removals have also been observed for treated wastewater infiltration studies conducted at the Halls Head WWTP, where E. coli concentrations were ≤1 n/100 mL [26] and in the Floreat Infiltration Galleries [27] .
Discussion
Fate of E. coli
Median E. coli removal efficiency was quantified at 96% or above at three sites equating to a 1.4 log 10 to >2 log 10 reduction in E. coli in groundwater. For nine of the remaining 14 sites with median E. coli numbers < LoQ, and using a groundwater E. coli count of 10 n/100 mL, a log removal of between 1.2 log 10 and 3.4 log 10 can be claimed-though these cannot be statistically proven. If a more sensitive detection limit for E. coli in groundwater of <1 MPN or n/100 mL had been adopted, higher removal efficiencies could be calculated for more sites; potentially increasing log removal by up to 1 log 10 . More sensitive detection limits would also provide greater opportunities for reuse in Western Australia, e.g., E. coli < 1 MPN or cfu/100 mL would allow high-exposure risk level reuse, such as non-potable residential use (Table 5) , greatly decreasing the demand on valuable potable water resources.
Classical colloid filtration theory [21] predicts that E. coli transport in most aquifers will be limited to distances of metres to tens of metres under typical infiltration pond operational conditions in a sandy soil [26] . The processes of major importance for the removal of E. coli are attachment to the aquifer sediments and decay [22, 23] . The decay or dying-off of bacteria during transport depends on many factors such as pH, temperature, redox conditions, predation and attachment [11, 13, 15, 28, 29] . Similarly, processes of bacterial attachment are strongly linked to a wide variety of physicochemical, biological, and hydrodynamic factors. The exact mechanism of E. coli removal needs to be investigated on a site-by-site basis due to the wide difference in these parameters and is a matter for further investigation.
Aquifer Treatment Barrier in Water Recycling
The quantitative assessment of potential risk from microbial hazards in recycled water schemes relies on the measurement of individual pathogens. Given the large number of pathogenic hazards in source waters for MAR, three reference pathogens have been identified within the Australian Guidelines for Water Recycling to represent bacterial, viral and protozoan risks; Camplylobacter, rotavirus and Cryptosporidium [30, 31] . Since the TWW infiltration schemes are regulated as disposal schemes, pathogen numbers are not currently required to be measured. However, the measured E. coli numbers can be considered in the context of the current Western Australian guidelines for the non-potable uses of recycled water, which instead applies a qualitative risk assessment [32] . Furthermore, should the infiltration schemes be altered to include re-use, then they will be assessed under the Australian Guidelines for Water Recycling [32] in accordance with Western Australian state policy [33] . Following risk assessment and management, validation and verification monitoring is used to ensure the recycled water scheme continues to comply with water quality objectives. Microbial indicators, such as E. coli, play an important role in validation and verification monitoring programs for water recycling. The E. coli compliance values for high, medium and low risk exposures are summarized in Table 5 . The median E. coli numbers in groundwater impacted by TWW infiltration (Table 5 ) meet the compliance value of <10 MPN or cfu/100 mL for medium risk level exposure. A more sensitive detection limit of <1 MPN or cfu/100 mL is required to assess the suitability of groundwater for higher exposure risk levels.
Conclusions
Characterisation of three pond infiltration systems that dispose of TWW via a non-potable aquifer showed −2.0 log improvements in microbiological water quality (measured as E. coli). The median E. coli numbers in groundwater impacted by TWW infiltration meet the compliance value of <10 MPN or cfu/100 mL for medium risk level exposure. Natural treatment systems-such as aquifers-can aid in the management of TWW by improving water quality. In Western Australia, the aquifer has been recognized as a treatment barrier in water recycling for non-potable use (e.g., Geraldton); however, the goal remains for this treatment capacity to be more widely recognised.
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